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Chemical reactions in a confined nanospace can be very different from those in solution. Imine formation between molecular amines and an aldehyde inside a molecularly imprinted receptor was promoted strongly by the binding. Although how well the amine fit in the binding pocket and its electronic nature both influenced the reaction, the freedom of movement for the amine was the most important factor determining the binding-normalized reactivity.
Molecules often behave very differently in confined nanospace than in a homogeneous solution. The steric constriction imposed on them sometimes gives rise to unusual chemical reactivity and selectivity. 1, 2 Diel-Alder reaction, for example, can occur at the 1,4-instead of the normal 9,10-positions of anthracene. 3, 4 Regio-and stereoselectivity of chemical reactions sometimes are dramatically altered within self-assembled capsules. [5] [6] [7] [8] Molecular imprinting 9, 10 is a powerful technique to create guest-complementary binding sites useful for many applications. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] We recently prepared a novel class of molecularly imprinted nanoparticles (MINPs) through templated polymerization in cross-linkable micelles. [23] [24] [25] [26] Our method also allowed us to install a single carboxylic acid group inside the binding site using a photocleavable template. Because MINPs are soluble in water and selected organic solvents such as DMF, we could perform chemical reactions (amide formation) inside the MINP binding pocket to modulate their binding properties. 25 Postfunctionalization of imprinted binding sites is extremely important to their molecular recognition. [27] [28] [29] [30] [31] Although the above photocleavage and postfunctionalization worked well, it was difficult to obtain further insight into the reaction that occurred in the nanospace of the MINP binding site. Synthesis of the photocleavable templates was also quite cumbersome.
In this work, we employed an imine-based templatefunctional monomer (T-FM) complex to introduce an aldehyde group inside the MINP binding site. Not only was the synthesis more straightforward, the fluorescent amine used also enabled us to study the binding-promoted chemical reaction by fluorescence spectroscopy.
As shown by Scheme 1, synthesis of MINPs involved three simple steps: surface-cross-linking of the micelle by click reaction, surface-decoration by click reaction, and core-crosslinking by UV-initiated free radical polymerization (details are reported in the ESI). [23] [24] [25] [26] They were characterized by 1 H NMR spectroscopy, dynamic light scattering (DLS), and binding studies (vide infra). The DLS size has been confirmed by transmission electron microscopy. 32, 33 There are several considerations in the design of the T-FM complex 4. First, imine is formed readily from the corresponding aldehyde and amine, especially with aromatic amines. 34 Second, although imine is quite stable in many solvents, its hydrolysis is easily accomplished in acidic water, meanwhile creating a template-shaped binding site with an aldehyde group at the predetermined position. The covalent imprinting utilized has the benefit of particularly high structural fidelity. Third, amine 5 and its analogues (6) (7) (8) (9) are all fluorescent, allowing us to monitor by fluorescence spectroscopy both the acid-catalyzed hydrolysis (to vacate the binding site) and the re-formation of the imine in the MINP binding pocket.
We used 6 M aqueous HCl solution at 95 °C to hydrolyze the imine of MINP 4 -i.e., MINP prepared with T-FM complex 4. The naphthyl group emitted at 405 nm in the MINP. Upon hydrolysis, the fluorescent peak decreased gradually and retained ca 10% of the initial intensity after 300 min (Fig. S7 in  ESI) . Since the naphthyl group was the only good fluorophore in MINP 4 , the result was interpreted as successful hydrolysis and removal of the majority of amine 5. Meanwhile, DLS showed unchanged particle size (~5.5 nm, Fig. S8 ), suggesting that the acid did not cause decomposition of the rest of the nanoparticle. Further confirmation of the hydrolysis came from the binding study. Once the imine was hydrolyzed, MINP 4 -CHO should have a binding pocket tailored precisely for amine 5. Because the imine formation occurred in DMF (vide infra), we performed the binding study first in DMF. Table 1 , entry 1). The binding stoichiometry was verified by the Job plot, which showed a clear maximum at 0.5 molar fraction (Fig. S9) .
Thus, the MINP receptor had on average one binding site per nanoparticle. Our MINP is estimated to contain ~50 crosslinkable surfactants per nanoparticle by light scattering. 23 We normally keep the surfactant/template ratio at 50:1. The single binding site on MINP 4 -CHO is consistent with the stoichiometry and a high yielding cleavage reaction. Table 1 lists the binding constants obtained in this study. Compounds 5 and 6 differ in the substitution pattern on the naphthyl ring. As shown by the K a values in the parentheses, MINP 4 -CHO bound 5 (its own template) more strongly than 6 in HEPES buffer. This was an expected result from molecular imprinting and consistent with many studies we have done using micellar imprinting. [23] [24] [25] [26] [35] [36] [37] In DMF, however, the opposite became true, with 6 bound much more strongly than 5. It is not exactly clear why there was MINP10-CHO 9 23 ± 2 a The titrations were performed in duplicates and the numbers given were averages of the two runs. The binding constants in parentheses were for titrations performed in 10 mM HEPES buffer (pH 7). The titration curves are found in the ESI (Fig. S10-S20 ). Please do not adjust margins Please do not adjust margins such a reversal but the result suggests that hydrophobic interactions in water were essential for the excellent selectivity observed in our previous MINP bindings. [23] [24] [25] [26] [35] [36] [37] Formation of micelles and the interactions between the template and the micelle in water both have strong hydrophobic contributions. Hydrophobic interactions, however, are eliminated in DMF. Other interactions such as electrostatics (vide infra) might become more important. Not only so, the organic solvent is expected to penetrate into the cross-linked micelle to cause it to swell. A change of the binding pocket could occur as a result.
The binding studies in DMF showed that electrostatic interactions played an important role, as removal of the sulfonate (in 7) and substitution of the sulfonate with a methoxy (in 8) weakened the binding of 6 dramatically. Since MINP 4 -CH 2 OH, obtained by treating MINP 4 -CHO with a large amount of NaBH 4 , was used as a control to study the imine formation (vide infra), we also studied the binding of 5 by MINP 4 -CH 2 OH. As expected, the two binding constants were fairly similar ( Table 1 , entries 1 and 6), suggesting that an aldehyde or hydroxyl group inside the binding site did not affect the interactions with the amine template significantly.
MINP 10 -CHO was prepared similarly using template-FM complex 10. After removal of the template, MINP 10 -CHO should have a large adamantane-shaped pocket near the binding site for the naphthyl group. We designed this template to investigate how freedom of movement for the amine in the binding pocket might influence the imine formation. As far as the binding was concerned, all the sulfonated naphthyl amines could still be bound by this MINP but the binding constants generally decreased-a reasonable result for a less perfectly fitted binding pocket (Table 1 , entries 7-9).
We then studied the reactions between various amines (5-9) and the aldehyde inside the MINP binding site (Table 2) . Because the reaction was too slow at 25 °C, we performed the majority of the reactions at 50°C. 38 Two control experiments were also performed using molecular aldehyde 11 (entry 8) and MINP 4 -CHOH (entry 9), respectively, in the reaction.
For the imine formation, we mixed 0.5 μM 5 and 10 equiv MINP 4 -CHO in DMF so that the change of concentration for MINP 4 -CHO was minimal during the reaction (i.e., under pseudo first order kinetics). At room temperature, the fluorescence spectrum of the mixture changed gradually (Fig. S21 ) but, at higher temperatures (50 °C), the change was much faster (Fig.  S22 and 2a) . For the negative controls, the emission were practially unchanged over time (Fig. S27 and S28) . In our hands, amine 4 emitted at 407 nm and imine 5 emitted more weakly, at 396 nm (Fig. S32) . Since similar weakening and a red shift also occurred in Fig. 2a , we attributed the change to the imine formation. Indeed, the decrease in fluorescence intensity fit well to the pseudo first order kinetics and all the rate constants are given in Table 2 .
Binding clearly promoted the imine formation, in a dramatic way. Fig. 2b shows that the fluorescence of 5 displayed no change under the same condition in the presence of molecular aldehyde 11 (). Hence, without the help from the binding, imine could not form at all under our experimental conditions. From the kinetic data in Table 2 , the most surprising finding initially was the insensitivity of the reaction rates. Although the reaction did become faster at higher temperatures (entries 1-3), the other observed rate constants (k obs ) were quite similar, practically within 4-5-fold. Since binding clearly was key to the enhanced reactivity of the aldehyde inside the MINP binding site, we listed the k obs /K a values for these reactions in Table 2 as well.
The k obs /K a value could be considered as the bindingnormalized rate constant. Once the binding factor was removed, the "intrinsic reactivity" in the nanospace made much sense. For example, as the amine became electron-richer (from 6 to 7 to 8) while their overall shape stayed very similar, the k obs /K a value showed a steady increase, from 0.1 to 1 and then to 1.7 × 10 -9 M·s -1 (entries [4] [5] [6] . This was the expected behavior from the stronger nucleophilicity of the amine. The k obs /K a value of 5 (entry 3) was 8 times as large as that of 6 (entry 4), indicating that, once the influence of the binding affinity was The reactions were performed in duplicates and the numbers given were averages of the two runs.. The fluorescence spectra and the curve fittings are found in the ESI (Figures S21-S31) .
b The reaction was very slow to be measured accurately. c No significant change in fluorescence was observed over time.
removed, the intrinsic reactivity of the original template was still higher than that of the structural analogue. As for compound 9, its k obs /K a value was 0.3 × 10 -9 M·s -1 (entry 7), lower than the 0.8 × 10 -9 M·s -1 for 5 (entry 3). It is possible that this resulted from a tradeoff between the negative effect of a less perfectly fitted shape and the positive effect of an electrondonating hydroxyl group.
The largest enhancement of the binding-normalized reactivity was observed for MINP 10 -CHO, with k obs /K a 1-2 orders of magnitude higher than those for MINP 4 -CHO. Thus, the steric effect seemed to have dominated over the "fitness" of the template and any electronic effects. We attributed this large increase in k obs /K a to the increased freedom of the amines to move inside the larger binding pocket of MINP 10 -CHO. In order for the imine to form, the amine and the aldehyde groups need to approach each other in preferred angles. Whereas the optimal attacking geometry can be easily achieved in solution by random molecular collision, it could become quite challenging in a constricted nanospace. It is very possible that higher freedom of movement under such a circumstance could be far more important than other factors that tend to dominate in solution chemistry.
In summary, strong binding by MINP not only dramatically enhanced the reaction between a bound amine substrate and the aldehyde in the binding pocket (Figure 2b) , the factors that influenced the reaction also became very different, with freedom of movement being the dominant factor in the confined nanospace. Electronic effects, normally a dominant factor in solution chemistry, became secondary in the bindingpromoted reactions. We do not think our finding is limited to a particular reaction inside the MINP binding pocket. Similar situations could occur inside a nanopore or within an enzyme active site, wherever movements of molecules are restricted.
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